An investigation of the flip-chip bonding process for application in MEMS devices
Introduction
One of the critical problems in MEMS is to integrate sensing and actuating processes with existing electronics and packaging technology. This integration usually demands highly accurate assembly operations in order to fulfill the functional requirements of the system. A common integration approach uses flip-chip bonding technology ͓e.g., ͓1,2͔͔. The aim of this work is to investigate the flip-chip bonding process as it may potentially be applied in a solder joint system. A system consists of a liquid column of solder that is located on a substrate and which supports a chip ͑see Fig.  1͒ .
The problem of calculating the shape of capillary surfaces has been discussed by many authors ͑e.g., Finn ͓3͔͒. Goldman ͓4͔ studied a two-dimensional solder joint in which the joint geometry model was assumed to be a truncated sphere. Heinrich et al. ͓5͔ and Chiang and Chen ͓6͔ presented a model that assumed a solder joint with a surface of revolution whose generating arc was a circular arc. Katyl and Pimbley ͓7͔ calculated the shape of an axisymmetric solder joint connected to circular-shaped pads.
A three-dimensional model for a solder joint was presented by Patra et al. ͓8,9͔. In their model, solder joints with circular and noncircular shaped pads were considered. Finite-element analyses of solder joint geometries have been suggested by Barake ͓10͔, Nigro et al. ͓11͔, and Subbarayan ͓12͔.
In this study the proposed model includes optimization of the final height of the joint, and usage of a Laplace-Young equation to calculate the equilibrium state. Finite elements to calculate axisymmetric and nonaxisymmetric solder joint shapes under quasistatic conditions are briefly presented in the paper ͑for details see ͓13͔͒. The model was tested and verified through flip-chip bonding experiments.
The paper is organized as follows: The finite element formulation used to calculate solder joint shape parameters is described briefly in Section 2. Experimental results of a flip-chip assembly are presented in Section 3 and a discussion provided in Section 4.
Theoretical Joint Model
The proposed model considers the total energy of a solder joint and determines its minimum energy. The variational problem associated with this system is handled using a constant solder volume constraint. For our model we have assumed that: the solder joint wets the entire pad, the surrounding material is perfectly non-wettable, and the solder pads are perfectly aligned when the solder reaches the minimum energy state. The total energy associated with the solder joint is,
The first three terms in Eq. ͑1͒ represent surface energy, adhesion energy, and potential energy, respectively. The last term represents the potential energy of the chip. The shape of the solder joint with volume V and height H under a quasi-static equilibrium condition is obtained from the solution of the variational problem that involves minimizing Eq. ͑1͒ subject to a constant volume constraint.
By using the Lagrange multiplier approach we can introduce the volume constraint by forming another functional,
The finite element formulation considers the total energy of the solder joint system without ignoring the solder joint's potential energy (BoϷO(1), ͓14͔, e.g., the solder column's diameter is about 0.8 ͓mm͔ using a tin-lead alloy͒. An axisymmetric finite element model using 1-D linear elements is employed for solving the solder joint radius r(z) as well as the stand-of-height, H, thereby defining the solder joint's shape in an equilibrium state. In this state, the height, H, is divided into N linear elements to determine the free surface of the solder. For a 3-D solder joint with a non-axisymmetric cross section, a two-dimensional model using linear triangular elements is employed. In this case, the height, H, of the solder joint is divided into N solid slices, where each slice is divided into M angles of degree ͓13͔.
Typical results for an axisymmetric solder joint formed on circular pads were obtained through simulation in the Matlab® environment ͑see Fig. 2͒ . A comparison of the proposed axisymmetric model results with previous studies is presented in Table 1 . As expected ͑for BoӶ1), there was close agreement with the results obtained by Heinrich et al. ͓5͔ , who assumed that the generating arc of the solder joint's surface of revolution was circular.
Experimental Results
The experiments were conducted in an experimental flip-chip bonding setup in a residue-free active atmosphere ͑gaseous formic acid, 0.55%, as used by Lau ͓15͔ among others͒. Testing was performed using three different chips, labeled as Glass-Chip, Silicon-Chip and Quasi-MEMS Chip, various pad geometries and dimensions, and varying solder joint dimensions ͑see Table 2͒ . The solder material was a ''solder sphere'' with a diameter variation of 1% ͑Micro-Swiss Ltd͒. Electron micrographs of the solder joints and chips were obtained using a SEM and tested with Energy Dispersion Spectroscopy ͑EDS͒, ͑Philips XL30 SEM including an Oxford thin window EDS system͒.
Typical bonded Glass-Chips are shown in Fig. 3 . The accuracy of the horizontal alignment of the chips in their final stage, after the self-alignment process, could be determined using the alignment marks ͑4 rectangular marks on the bottom chip, and a cross on the top chip͒. The average final misalignment was ϳ2 ͓m͔ with a standard deviation of ϭ0.4 ͓m͔. Typical results of the stand-of-height, H, of the solder joint for different pads and the solder volumes are presented in Table 3 .
Representative magnified pictures and scanning electron fractographs of a Silicon-Chip are shown in Fig. 4 . The average standof-height, H, of a group of 15 devices, performed after the reflow process was H ϭ133.3 ͓m͔, with a standard deviation of ϭ1.7 ͓m͔.
A similar examination was made of a Quasi-MEMS device with the results shown in Fig. 5 . The average stand-of-height, H, of 5 measured devices after the reflow process was H ϭ84.6 ͓m͔ with a standard deviation of ϭ1.8 ͓m͔. Intermetallics compound consisting of Cu and Sn were found in the solder joints of Quasi-MEMS device by EDS analyzing ͑e.g., see ͓16͔͒.
Discussion
A table comparing the solder joint stands-of-height, H, obtained through the experiments ͑Glass-Chip, see Table 3͒ and the proposed model is presented in Fig. 6 . There is a clear difference ͑of about 8%͒ between the experimental and numerical results when small pad radii, r p , are considered. Nevertheless, for large pad radii, r p , the experimental results and the presented finite element models show similar values.
For the Quasi-MEMS chip with a solder joint with square pads, the predicted stand-of-height was Hϭ86.6 ͓m͔. The experimental average height ͑for 5 devices͒ measured with a SEM was H ϭ84.6 ͓m͔. The solder spheres used in the experiments varied by 1% in their diameter; an example of the result of this variability is a decrease of H by 2-4 m for a 250 m diameter solder sphere.
Other sources of process inaccuracy are the solder solidification rate, and the intermetallic created during bonding.
Conclusion
A study of the flip-chip bonding process using numerical and experimental methodologies was carried out.
Axisymmetric and a non-axisymmetric finite element formulations have been developed to study the effect of variation in design parameters ͑vertical loading, solder joint volume, and pad radius͒ on the geometrical shape of a joint under quasi-static conditions. It was found that in typical cases of MEMS devices in which the solder volume is small (BoӶ1), the finite element solution of the axisymmetric solder-joint geometry can be well approximated by a surface of revolution whose generating meridian is a circular arc.
The experimental results of the investigation correlated well with those produced by the simulation model. The results indicate the possible application of flip-chip bonding for MEMS applications, which require high accuracy in fabrication, where typical solder joint heights are in the range of tenths of microns. 
